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Abstract
If the gravitino G˜ is very light and all the other supersymmetric particles are above
threshold, supersymmetry may still be found at colliders, by looking at processes
with only gravitinos and ordinary particles in the final state. We compute here
the cross-section for the process e+e− → G˜G˜γ, whose final state can give rise to a
distinctive photon plus missing energy signal at present and future e+e− colliders.
We describe how the present LEP data can be used to establish a lower bound on
the gravitino mass of order 10−5 eV. We conclude with a critical discussion of our
results, comparing them with related ones and outlining possible generalizations.
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1 Introduction
Low-energy supersymmetry (for reviews and references, see e.g. [1]) is the most popular
and probably the best motivated extension of the Standard Model, at energy scales acces-
sible to present or future colliders. At a fundamental level, however, the present dynamical
understanding of supersymmetry breaking is still quite unsatisfactory. Denoting by ∆m
the scale of the supersymmetry-breaking mass splittings between the Standard Model par-
ticles and their superpartners, and by ΛS the microscopic supersymmetry-breaking scale
(in one-to-one correspondence with the gravitino mass m3/2), from a phenomenological
viewpoint both these scales should be taken as arbitrary parameters. Different possibili-
ties then arise, as reviewed in a recent paper of ours [2], to which we refer for more details
on the general theoretical framework: we denoted these possibilities by ‘heavy’, ‘light’
and ‘superlight’ gravitino. In the heavy gravitino case, reactions involving the gravitino
are never important for collider physics. In the light gravitino case, the gravitino can be
relevant in the decays of other supersymmetric particles, if there is sufficient energy to
produce the latter. In the superlight gravitino case, also the direct production of graviti-
nos (with or without other supersymmetric particles) can become relevant. In this paper,
we concentrate on the superlight gravitino case, where the two scales ∆m and ΛS are both
close to the electroweak scale and to each other, the gravitino mass m3/2 is several orders
of magnitude below the eV scale and, as will be clear soon, the resulting phenomenology
can be quite different from the extensively studied cases of heavy and light gravitino.
Many aspects of the superlight gravitino phenomenology at colliders have been dis-
cussed long ago in the pioneering works by Fayet [3, 4], and also in more recent papers
[5]. All these authors, however, assumed that some other supersymmetric particle, for
example a neutralino or one of the spin-0 partners of the gravitino, is light enough to be
produced on-shell in some reaction. Here we take an orthogonal point of view: there may
be experiments where the available energy is still insufficient for the on-shell production of
other supersymmetric particles, but nevertheless sufficient to give rise to final states with
only gravitinos and ordinary particles, at measurable rates.
As discussed in [2], particularly powerful processes to search for a superlight gravitino
G˜ (when the supersymmetric partners of the Standard Model particles and the spin–0
superpartners of the gravitino are above threshold) are:
e+e− −→ G˜G˜γ , (1)
and qq −→ G˜G˜γ, which would give rise to a distinctive (photon+missing energy) signal.
The first process can be studied at e+e− colliders such as LEP or the proposed NLC, the
second one at hadron colliders such as the Tevatron or the LHC. At hadron colliders, we
can also consider the process qq −→ G˜G˜g, which, together with other partonic subpro-
cesses such as qg → qG˜G˜ and gg → gG˜G˜, contributes to the (jet + missing energy)
signal. In this letter, we compute the cross-section and the relevant angular distributions
for the process of eq. (1), in the limit in which the supersymmetric particles of the Mini-
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mal Supersymmetric extension of the Standard Model (MSSM), such as sleptons, squarks
and gauginos, and all other exotic particles, such as the spin-0 partners of the gravitino,
are heavy. We also show how the present LEP data, in the absence of a signal over the
Standard Model background, should allow to establish the lower bound ΛS >∼ 200 GeV, or,
equivalently, m3/2 >∼ 10
−5 eV. In contrast with other collider bounds discussed in the liter-
ature [5], the ones discussed in the present paper cannot be evaded by modifying the mass
spectrum of the other supersymmetric particles: making some additional supersymmetric
particle light leads in general to stronger bounds. The study of the processes involving
quarks and/or gluons and the discussion of the phenomenology at hadron colliders will be
presented in a companion paper [6].
For the theoretically oriented readers, we summarize the framework of our calculation.
The ±1/2 helicity components of the superlight but massive gravitino, corresponding to
the would-be goldstino, have effective couplings to the MSSM fields comparable in strength
with the MSSM gauge couplings. Exploiting the supersymmetric version of the equivalence
theorem [7], we start from an effective theory where global supersymmetry is linearly
realized but spontaneously broken. Its degrees of freedom are just the MSSM superfields
and the superfields containing the goldstino G˜ (denoted here, in the spirit of the equivalence
theorem, with the same symbol as the gravitino). Assuming pure F -breaking, as we will do
in the following, it is sufficient to add to the MSSM states a single neutral chiral superfield.
Such an effective theory is non-renormalizable, and its Lagrangian can be parametrized
(up to higher-derivative and Fayet-Iliopoulos terms, assumed here to be negligible) by a
Ka¨hler potential K, a superpotential w and a gauge kinetic function f . However, the
terms that contribute to the on-shell scattering amplitudes for the process of eq. (1) do
not depend on the details of these defining functions, but only on suitable combinations
of ∆m and ΛS. We then move to a ‘more effective’ theory by explicit integration of the
heavy superpartners in the low-energy limit. The residual degrees of freedom are only
the goldstino and the Standard Model particles, and at this level supersymmetry is non-
linearly realized [8] in a non-standard way [9]. We finally compute the relevant scattering
amplitudes and the cross-section. As we shall see, the final result is independent of ∆m,
and is function only of the centre-of-mass energy
√
s and of the supersymmetry-breaking
scale ΛS (or, equivalently, of the gravitino mass m3/2).
The paper is organized as follows. In sect. 2 we define in full detail the theoretical
framework of our calculation, identifying the explicit form of the relevant lagrangian terms,
at the level where supersymmetry is linearly realized but spontaneously broken. In sect. 3
we show how to take the low-energy limit in the case of heavy superpartners, ending up
with an effective lagrangian where supersymmetry is non-linearly realized. We also list
the independent amplitudes contributing, in this limit, to the process under consideration.
In sect. 4 we compute the differential and the integrated cross-section, and discuss the
implications of the present LEP data. Finally, in sect. 5 we give a critical discussion of
our results and outline further generalizations.
Before concluding this introduction, we should mention some related literature. The
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process of eq. (1) was already considered by Fayet [4], who gave the scaling laws of the
cross-section with respect to the gravitino mass and the centre-of-mass energy in the low-
energy limit. However, at the time the possibility of heavy gauginos was not considered,
and, in the limit of light photino, other processes with photinos in the final state become
more important. The process of eq. (1) was also considered in [10], in the same kinematical
limit as in the present work, but relying on the non-linear realization of supersymmetry
proposed in [11]. As will be discussed in the concluding section, the two treatments are not
equivalent and lead to different results, both consistent with supersymmetry. The effective
interactions of a superlight gravitino with the Standard Model fermions and gauge bosons
have been recently discussed in [12], which identified possible new effects associated with
Fayet-Iliopoulos terms: these effects do not arise in our calculational framework.
2 Theoretical framework
To discuss the process of eq. (1), given the present collider energies and the typical cuts
on the photon spectrum, we can safely neglect the electron mass. Our starting point is
an N = 1 globally supersymmetric theory with gauge group U(1)em. Besides the vector
supermultiplet, describing the photon Aµ and the photino λ, the model contains three
chiral superfields, with spinor and scalar components ψi and ϕi, respectively (i = 0, 1, 2).
Two of them (i = 1, 2) describe the Dirac electron field e together with the selectrons
(complex scalar fields) e˜ ≡ e˜L and e˜c ≡ (e˜R)∗. The remaining chiral multiplet, (i = 0),
is electrically neutral, and describes a Majorana fermion, G˜, and a complex scalar z ≡
(S + iP )/
√
2. The theory is specified, up to higher-derivative and Fayet-Iliopoulos terms,
to be neglected here, in terms of three defining functions: the superpotential w, the Ka¨hler
potential K and the gauge kinetic function f . The explicit form of the lagrangian in terms
of w, K and f is standard: we refer to the Appendix of ref. [2] for its expression in
component fields. We assume that the defining functions of the theory are such that, at
the minimum of the scalar potential,
〈F 0〉 6= 0 , 〈F 1,2〉 = 0 , (2)
where F i denote the auxiliary fields of the chiral supermultiplets. Therefore, supersym-
metry is spontaneously broken and the goldstino coincides with G˜. We will also assume
〈ϕi〉= 0 (i = 1, 2), so that U(1)em remains an exact local symmetry.
As anticipated, we consider the goldstino interactions in the spirit of the equivalence
theorem. The scattering amplitudes involving external goldstinos are identified with cor-
responding scattering amplitudes with external gravitinos of an N = 1 locally supersym-
metric theory. This equality holds up to terms that, at fixed scattering angles, are of order
m3/2/
√
s, where
√
s is the centre-of-mass energy of the process. As we shall see, we are
always going to consider situations where such correction terms are harmless: typically,√
s will be more than O(100 GeV), whilst we will be sensitive to values of m3/2 less than
O(10−4 eV).
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We proceed by expanding the defining functions of the theory around the vacuum, in
order to identify the terms potentially relevant for the process under consideration. To
carry on such an expansion in a simple way, we characterize the functional dependence of
w, K and f as follows:
w = wˆ(z) + . . . ,
K = Kˆ(z, z¯) + K˜(z, z¯)(|e˜|2 + |e˜c|2) + . . . ,
f = fˆ(z) + . . . , (3)
where the dots denote terms which will not take part in our discussion. For simplicity, in
the Ka¨hler potential of eq. (3) the bilinears in the selectron fields have been chosen to be
equal: this will give rise to common supersymmetry-breaking masses for the two selectrons.
The reader can easily check that a non-universal choice for the coefficients of |e˜|2 and |e˜c|2
in K, giving rise to different supersymmetry-breaking masses for e˜ and e˜c, would not
affect the low-energy behaviour of the amplitudes considered here. Also, following the
standard practice, we have assumed negligible mixing in the selectron sector. Taking into
account eqs. (2) and (3), it is straightforward to evaluate the mass spectrum of the model
and the relevant interactions, along the lines of [2]. The photon, the goldstino and the
electron remain massless, whereas all the other particles acquire non-vanishing masses
proportional to 〈F 0〉 and expressed in terms of w, K, f and their derivatives, evaluated
on the vacuum. Moreover, even in the presence of non-renormalizable interactions, the
expansion of the lagrangian in (canonically normalized) component fields can be rearranged
in such a way that all the terms of interest for our calculation are expressed in terms of
the mass parameters (m2S,P , m
2,M), associated with the spin-0 partners of the goldstino,
the selectrons and the photino respectively, and the scale F of supersymmetry breaking,
without explicit reference to w, K and f :
L = −1
4
FµνF
µν +
i
2
λ 6∂λ+ 1
2
|M | λλ+ i
2
G˜ 6∂G˜
+
1
2
(∂µS)(∂µS)− 1
2
m2SS
2 +
1
2
(∂µP )(∂µP )− 1
2
m2PP
2
+ ie 6De + (Dµe˜L)∗(Dµe˜L)−m2|e˜L|2 + (Dµe˜R)∗(Dµe˜R)−m2|e˜R|2
−
√
2i g
(
e˜∗L λPLe− e˜L ePRλ− e˜R ePLλ+ e˜∗R λPRe
)
− 1
2
√
2
m2S
|M |S
[
Re
(
M
F
)
G˜G˜− iIm
(
M
F
)
G˜γ5G˜
]
− 1
2
√
2
m2P
|M |P
[
Im
(
M
F
)
G˜G˜+ iRe
(
M
F
)
G˜γ5G˜
]
− 1
2
√
2
[
Re
(
M
F
)
S − Im
(
M
F
)
P
]
FµνF
µν +
1
2
√
2
[
Im
(
M
F
)
S + Re
(
M
F
)
P
]
FµνF˜
µν
− 1
4
√
2
G˜[γµ, γν ]λ
[
Re
(
M
F
)
Fµν − Im
(
M
F
)
F˜µν
]
− m
2
|M |
M
F
(
e˜∗L G˜PLe + e˜R ePLG˜
)
− m
2
|M |
M∗
F ∗
(
e˜∗RG˜PRe + e˜L ePRG˜
)
4
− m
2
2|F |2
(
G˜e eG˜− G˜γ5e eγ5G˜
)
+ . . . . (4)
In eq. (4), PL = (1−γ5)/2, PR = (1+γ5)/2 and F˜µν = 1/2 ǫµνρσF ρσ, where ǫ0123 = −ǫ0123 =
1. The parameter F =< wz(Kzz)
−1/2 > (lower indices denote here derivatives) has the
dimension of a mass squared and defines the supersymmetry-breaking scale, ΛS = |F |1/2.
We remind the reader that, in our flat space-time, |F | is linked to the gravitino mass m3/2
by the universal relation
|F | =
√
3m3/2MP ,
[
MP ≡ (8πGN)−1/2 ≃ 2.4× 1018 GeV
]
. (5)
The phases of M and F are assumed to be arbitrary. By means of field redefinitions, we
can remove all the phases but one, assigned here to the ratio M/F . For fermions, we have
used a four-component notation. The covariant derivatives are given by
Dµe = (∂µ − i g Aµ) e, Dµe˜ = (∂µ − i g Aµ) e˜, Dµe˜c = (∂µ + i g Aµ) e˜c , (6)
where g is the coupling constant of U(1)em. Finally, the dots in eq. (4) stand for terms
that do not contribute to the amplitude evaluated here1.
3 Low-energy limit
The lagrangian of eq. (4) would allow the computation of the cross-section for e+e− →
G˜G˜γ in a generic kinematical regime. Here we restrict ourselves to the case of a heavy
superpartner spectrum, with photino, selectrons and the scalars S and P beyond the
production threshold at some chosen value of
√
s. In this case, it is convenient to build an
effective lagrangian for the light fields by integrating out the heavy particles. The crucial
property of such an effective lagrangian will be its dependence only on the gauge coupling
g and on the supersymmetry-breaking scale |F |1/2, without any further reference to the
supersymmetry-breaking masses (m2S,P , m
2,M). By standard techniques, and focussing
only on the terms relevant for our calculation, we obtain:
Leff = −1
4
FµνF
µν + ie 6De+ i
2
G˜ 6∂G˜+
4∑
i=1
Oi . (7)
The terms Oi (i = 1, ...4) are local operators obtained through the exchange of massive
particles in the large mass limit, as shown in fig. 1. Their field-dependent parts have mass
dimension d = 8, and the corresponding coefficients scale as 1/|F |2. The operator O1
involves two photons and two goldstinos, and is generated [2] by integrating over S, P and
λ:
O1 = − i
64|F |2 G˜ [γ
µ, γν ]Fµν 6∂
[
γα, γβ
]
Fαβ G˜ . (8)
1There are interaction terms proportional to < K˜S > and < K˜S >, not explicitly listed here, that are
in principle relevant. An explicit computation shows that their total contribution vanishes. This is in
agreement with the possibility of choosing normal coordinates [13], where such terms are absent.
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Figure 1: Diagrammatic origin of the effective operators O1−4.
Notice that the form of O1 is the result of a crucial cancellation among individual contri-
butions, corresponding to d = 7 operators with coefficients scaling asM/F 2. The operator
O2 is a four-fermion interaction term among electrons and goldstinos recovered by combin-
ing the contact term in the last line of eq. (4) with contributions originating from selectron
exchanges [9]:
O2 = − 1
2|F |2
{
eG˜✷
(
G˜e
)
− eγ5G˜✷
(
G˜γ5e
)}
. (9)
Also in this case, the form of O2 is the result of a crucial cancellation among individual
d = 6 operators scaling as m2/F 2. The operator O3 is generated by attaching a photon to
a selectron exchanged among electrons and goldstinos. Notice that, despite the presence
of two selectron propagators, this contribution does not vanish in the large m limit, due
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to a compensating factor m4 from the electron-selectron-goldstino vertices:
O3 = igA
µ
|F |2
{
eG˜∂µ
(
G˜e
)
− eγ5G˜∂µ
(
G˜γ5e
)}
. (10)
The operators O2 and O3 are not separately gauge invariant. Only their sum is contained
in a gauge-invariant combination, as can be seen by recasting it in the form:
O2 +O3 + . . . = 1
2|F |2
{
Dµ
(
eG˜
)
Dµ
(
G˜e
)
−Dµ
(
eγ5G˜
)
Dµ
(
G˜γ5e
)}
, (11)
where the dots denote terms quadratic in Aµ or vanishing on-shell. Finally, the operator
O4 is a contact term that directly contributes (as O3) to the scattering amplitude under
investigation. It originates from a combined selectron and photino exchange:
O4 = ig
8|F |2
{
G˜ [γµ, γν ]Fµν
(
eeG˜− γ5eeγ5G˜
)
+
(
G˜ee− G˜γ5eeγ5
)
Fµν [γ
µ, γν ] G˜
}
. (12)
Notice that, despite the presence of a selectron and a photino propagator, this contribution
does not vanish in the limit of large m and M , due to the compensating factors m2 and M
coming from the electron-selectron-goldstino and the photon-photino-goldstino vertices,
respectively.
It is now possible to list the independent amplitudes contributing, in the low-energy
regime, to the scattering process e+e− → G˜G˜γ. They are shown in fig. 2. The contribution
of the operator O1 is obtained by attaching an electron-positron line to one of the photons.
The operator O2 contributes via initial state radiation, and the remaining operators are
by themselves local contributions to the process. The total amplitude is therefore the sum
of four terms:
M =M1 +M2 +M3 +M4 , (13)
with the following expressions in momentum space:
M1 = ig
16|F |2
1
(p1 + p2)2
[v(p2)γµu(p1)] [uG(q1)Aµ1vG(q2)− uG(q2)Aµ2vG(q1)] , (14)
M2 = − ig|F |2v(p2)
{
6ǫ 16k− 6p2
A3 +A4 16p1− 6k
6ǫ
− 6ǫ 16k− 6p2
γ5A3γ5 − γ5A4γ5 16p1− 6k
6ǫ
}
u(p1) , (15)
M3 = − ig|F |2 ǫµv(p2) {A
µ
5 − γ5Aµ5γ5} u(p1) , (16)
M4 = ig
4|F |2v(p2) {A6 − γ5A6γ5}u(p1) , (17)
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Figure 2: Feynman diagrams contributing to e+e− → G˜G˜γ in the low-energy effective
theory.
where
A1 = [6p1+ 6p2, γµ]( 6k+ 6q2)[6k, 6ǫ]− [6k, 6ǫ]( 6k+ 6q1)[6p1+ 6p2, γµ] , (18)
A2 = [6p1+ 6p2, γµ]( 6k+ 6q1)[6k, 6ǫ]− [6k, 6ǫ]( 6k+ 6q2)[6p1+ 6p2, γµ] , (19)
A3 = q1 · p1vG(q2)uG(q1)− q2 · p1vG(q1)uG(q2) , (20)
A4 = q2 · p2vG(q2)uG(q1)− q1 · p2vG(q1)uG(q2) , (21)
Aµ5 = (p1 − q1)µvG(q2)uG(q1)− (p1 − q2)µvG(q1)uG(q2) , (22)
A6 = [vG(q2)uG(q1)− vG(q1)uG(q2)][ 6k, 6ǫ] + [ 6k, 6ǫ][vG(q2)uG(q1)− vG(q1)uG(q2)] . (23)
We have denoted by p1, p2, q1, q2 and k the four-momenta of the incoming electron and
positron and of the outgoing goldstinos and photon, respectively. Notice that, due to
the structure of the fermionic currents in eqs. (14)–(17) and to the Majorana nature of
the goldstino, the only non-vanishing amplitudes are those where electron and positron
have opposite helicities, and the two goldstinos have opposite helicities. Taking into ac-
count the two possible photon polarizations, we conclude that eight out of sixteen helicity
configurations do not contribute to the process.
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4 Cross-section for e+e− → G˜G˜γ
Starting from the amplitudes of eqs. (13)–(23), we computed the double differential cross-
section dσ/(dxγd cos θγ), where xγ is the fraction of the beam energy carried by the photon,
and θγ is the scattering angle of the photon with respect to the direction of the incom-
ing electron, in the centre-of-mass frame. To cross-check our computation, we used two
independent methods. One method proceeded through the evaluation of the helicity am-
plitudes in the centre-of-mass frame, with explicit expression for spinors, four-momenta
and polarization vectors. The second method consisted in the direct computation of the
unpolarized cross-section, by means of standard trace techniques, with the help of the pro-
gram Tracer [14]. After integrating over part of the phase space, we obtained the following
result:
d 2σ
dxγd cos θγ
=
αs3
320π2|F |4 · f(xγ , cos θγ) , (24)
where
f(xγ, cos θγ) = 2(1− xγ)2
[
(1− xγ)(2− 2xγ + x2γ)
xγ sin
2 θγ
+
xγ(−6 + 6xγ + x2γ)
16
− x
3
γ sin
2 θγ
32
]
.
(25)
Notice that the dependence on
√
s and on the supersymmetry-breaking scale |F |1/2 can
be factorized out of the function f , which carries instead all the dependence on the photon
fractional energy xγ and on the photon angle θγ . For these reasons, it is convenient to
illustrate our results in terms of the function f . Figs. 3 and 4 show the dependence of
f(xγ, cos θγ) on each of its two variables, keeping the other one fixed to some representative
value. Contours corresponding to constant values of f in the (xγ , | cos θγ |) plane are
displayed in fig. 5.
It is interesting to observe that, for the soft/collinear part of the photon spectrum,
xγ ≪ 1 and/or sin2 θγ ≪ 1, our result could have been derived by considering the total
cross-section σ0 for the process e
+e− → G˜G˜ and applying a standard approximate formula
for photon radiation [15]:
dσ
dxγd cos θγ
≃ σ0[sˆ] · α
π
1 + (1− xγ)2
xγ sin
2 θγ
, (26)
where σ0 is evaluated for sˆ ≡ (1−xγ)s. Computing σ0 directly from the effective operator
of eq. (9), we found [9]:
σ0 ≡ σ(e+e− → G˜G˜) = s
3
160π|F |4 . (27)
Plugging this result into (26) does indeed reproduce the leading term of the above result
(24)–(25). As expected, for relatively soft/collinear photons the cross-section is dominated
by initial-state radiation, and the signal must compete with the irreducible Standard
Model background coming from e+e− → ννγ. This suggests that, in the absence of an
9
Figure 3: The function f of eq. (25), plotted versus xγ, for the indicated representative
values of | cos θγ |.
anomaly with respect to the Standard Model predictions and applying rather loose cuts
on the photon spectrum, the approximation of eq. (26) should be sufficient to obtain a
lower bound on the gravitino mass. On the other hand, in the presence of an anomaly
the specific features of the spectrum may be useful in establishing the significance of its
interpretation in terms of a superlight gravitino.
From the double differential cross-section of eqs. (24) and (25), the total cross-section
can be easily computed. We recall that, because of the QED infrared and collinear singu-
larities, we need to specify some cuts on the photon spectrum. To illustrate our results,
we specify our cuts in terms of a minimum value for xγ and a maximum value for | cos θγ |,
to be denoted by xγ,min and | cos θγ|max, respectively2. The integrated cross-section is then
given by
σ =
αs3
320π2|F |4 · I(xγ,min , | cos θγ |max) , (28)
where the integral
I(xγ,min, | cos θγ |max) =
∫ 1
xγ,min
dxγ
∫ | cos θγ |max
−| cos θγ |max
d cos θγ f(xγ , cos θγ) (29)
2Alternatively, we could have chosen to cut in (xγ)T ≡ xγ sin θγ rather than in xγ .
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Figure 4: The function f of eq. (25), plotted versus | cos θγ |, for the indicated representative
values of xγ (notice the different scale in the two windows).
can be evaluated analytically by elementary methods. Table 1 gives the values of the
integral I, defined in eq. (29), for some representative choices of the cuts xγ,min and
| cos θγ |max.
The process under consideration can give rise to an observable signal at LEP, charac-
terized by a single photon plus missing energy. From eq. (28), we see that an experimental
upper bound σexp on the signal cross-section, obtained at the energy
√
s and for a given
set of cuts, corresponding to a definite value of the integral I, translates into a lower limit
on the supersymmetry breaking scale |F | 12 :
|F | 12 > 125 GeV
[√
s (GeV)
200
] 3
4
[
I
σexp (pb)
] 1
8
, (30)
or, in terms of the gravitino mass and remembering eq. (5):
m3/2 > 3.8 · 10−6 eV
[√
s (GeV)
200
] 3
2
[
I
σexp (pb)
] 1
4
. (31)
Notice that these limits are mainly sensitive to the energy
√
s, while the dependence on σexp
is quite mild. For example, a factor 10 reduction in σexp would increase the lower bounds
11
Figure 5: Contours of the function f of eq. (25) in the (xγ , | cos θγ |)-plane.
on |F | 12 and m3/2 by a factor 1.3 and 1.8, respectively. Similarly, the limits do not depend
strongly on the precise choice of the cuts, within the set displayed in table 1. Up to now,
the highest energy reached by LEP is 183 GeV, where each of the four experiments has
collected an integrated luminosity of about 60 pb−1. Both at
√
s = 183 GeV and at lower
energies, no anomalies have been reported so far [16] in the photon plus missing energy
channel, which, in the Standard Model, is dominated3 by the process e+e− → νν¯γ. We
leave to our experimental colleagues the detailed analysis of the resulting bounds. In the
meantime, we can tentatively assume an upper bound of 0.2 pb on the signal cross-section
σexp, integrated over |xγ | > 0.05 and | cos θγ | < 0.95. Taking into account that, for our
representative cuts, the Standard Model cross-section for e+e− → νν¯γ is approximately
5 pb, with a pronounced peak of the photon spectrum around the ‘radiative return to the
Z’, we obtain the lower bound
|F | 12 > 200 GeV , (32)
corresponding to the following lower bound on the gravitino mass:
m3/2 > 10
−5 eV . (33)
3At small angle, one should also consider the reducible background due to e+e− → (e+e−) γ and
e+e− → (γγ) γ, where the particles in brackets are undetected.
12
| cos θγ |max 0.7 0.8 0.85 0.9 0.95 0.975
xγ,min
0.2 1.59 2.02 2.31 2.72 3.39 4.05
0.15 2.54 3.22 3.68 4.32 5.39 6.44
0.1 4.21 5.34 6.11 7.17 8.93 10.7
0.05 7.79 9.87 11.3 13.2 16.5 19.7
Table 1: Values of the integral I, defined in eq. (29), for some representative choices of
the cuts xγ,min and | cos θγ |max.
5 Discussion
As a first comment, we would like to remark that, even if our results were obtained in
a simplified model, they remain valid when we include the full gauge group and matter
content of the MSSM, as long as all supersymmetric particles but the gravitino cannot be
produced on-shell.
We also recall that our computation was based on the explicit integration of the heavy
superpartners in the low-energy limit, starting from a generic theory where supersymmetry
is linearly realized but spontaneously broken by an F -term, with negligible Fayet-Iliopoulos
and higher-derivative terms. This led to the non-linear realization of global supersymmetry
associated with the effective lagrangian (7), and finally to explicit expressions for the
differential and integrated cross-sections. However, as recently discussed in [9], such non-
linear realization is not unique. For example, the authors of [10] computed the same
cross-sections in a different non-linear realization [11] (believed then to be unique), and
found a different result, although with the same dependence on F and s as ours. To
relax the assumptions of the present calculation, and provide a framework encompassing
the present case, the case of [10] and additional possibilities, we would need a general
parametrization of the possible non-linear realizations, at least for the terms that affect
the process under consideration. Unfortunately, such a general formulation is not yet
available. Neglecting the electron mass and the mixing in the selectron sector, however,
we know from [9] the most general form of the local four-fermion effective interaction that
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replaces O2 [see eq. (9)] in an arbitrary non-linear realization. It depends on two free
parameters, αL and αR, associated with the contributions of eL ≡ PLe and eR ≡ PRe,
respectively. Taking advantage of the fact that, for realistic experimental situations, the
bulk of the cross-section is well reproduced by the approximate formula of eq. (26), we
give here [9] the corresponding general unpolarized cross-section σGEN0 :
σGEN0 (e
+e− → G˜G˜) = s
3
15360π|F |4
[
(8 + 10αL + 5α
2
L) + (8 + 10αR + 5α
2
R)
]
. (34)
The results of the present paper are then obtained, in the approximation of eq. (26), for
αL = αR = −4, those of [10] for αL = αR = 0. The minimum value of the cross-section is
obtained for αL = αR = −1:
σmin0 (e
+e− → G˜G˜) = s
3
2560π|F |4 . (35)
In the absence of experimental anomalies, the combination of eq. (35) and eq. (26) can be
safely used to establish a model-independent lower bound on the gravitino mass. Because
of the strong and universal power-law behaviour of the cross-section, always proportional
to s3/|F |4, this bound is rather stable with respect to variations of the parameters αL and
αR over plausible ranges. However, should a signal show up at LEP or at future linear
colliders, having the full expression of the cross-section for the most general class of models
would be very important, since a detailed analysis of the photon spectrum would offer the
unique opportunity of distinguishing among possible fundamental theories.
In the present paper, we have assumed that all exotic particles besides the gravitino
are far from the production threshold at the available energy, so that the local operators
O1–O4 provide a good approximation of the dynamics. An advantage of our approach,
with respect to the use of non-linear lagrangians, is that, by relaxing the kinematical
assumption about superparticle masses, we could take into account also propagator effects,
which might be important if a signal were detected.
Concerning the energy dependence of the cross-sections analyzed here, we recall that
the authors of [12] have recently proposed an interaction term among two goldstinos and
a photon that reads:
δL = µ
2
F 2
(
∂µG˜
)
γνG˜Fµν , (36)
where µ2 is an independent mass parameter. If present, and in the absence of cancella-
tion mechanisms, such a term would induce a local four-fermion operator, involving two
goldstinos and an electron-positron pair, with dimension d = 6, and characterized by a
dimensionful coupling O(µ2/|F |2). Such a four-fermion operator would contribute to the
cross-section for e+e− → G˜G˜ with terms scaling as sµ4/|F |4. As a consequence, also the
scaling properties of the cross-section for e+e− → G˜G˜γ would be modified. Depending
on the value of µ2 and on the typical energy of the process, the gravitino phenomenology
could be more or less heavily affected. However, the term of eq. (36) does not arise in our
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calculational framework. More importantly, it was shown in full generality [9] that local
four-fermion operators such as those mentioned above are not allowed by supersymmetry.
This leads us to the belief that the energy dependence of the cross-section derived here
will survive in the most general case.
The processes considered here, or other processes controlled by the same effective
interactions, could in principle be relevant for nucleosynthesis or stellar cooling [17, 2, 12].
In general, however, the bounds coming from high-energy colliders leave little room for
interesting effects in astrophysics and cosmology [2], since the relevant cross-sections have
a strong positive power-dependence on the energy, and the typical energies involved are
much smaller than the present collider energies.
Bounds coming from the finite goldstino-smuon loop contribution to the anomalous
magnetic moment of the muon [18] are not very stringent either. For smuon masses up to
1 TeV, they do not constrainm3/2 more strongly than the processes discussed in this paper.
Moreover, ambiguities similar to the ones discussed for our result should be taken into
account, since the operator associated with (g−2)µ, when supersymmetrized, corresponds
to a higher-derivative term, to which we may associate an arbitrary counterterm if we do
not have additional informations on the fundamental theory.
In summary, high-energy colliders are by far the best environment to test the possible
existence of a superlight gravitino. The present LEP data, analysed as discussed in the
present paper, should allow to establish an absolute lower bound m3/2 >∼ 10
−5 eV. The
prospects for the present Tevatron data are at least as good, since the higher available
energy should be more than enough to compensate for the more difficult experimental
environment [6].
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